The mechanical properties and durability of high-performance concrete can be improved with the use of nanosilica. Still, the relationship between the content of nanosilica and the mechanical properties of concrete needs to be verified in order to develop of compressive strength that can be applied to any concrete mixture. The aim of this study was to develop mathematical equations that account for the relationship among concrete's compressive strength, the modulus of elasticity with its compressive strength, and the modulus of rupture with its compressive strength. The specimens of ƒ'c80-NS10-SF5 and ƒ'c100-NS10-SF5 were fabricated by mixing natural nanosilica and silica fume, and those of ƒ'c80-NSHD5-SF5 and ƒ'c100-NSHD5-SF5 were fabricated by mixing commercial nanosilica and silica fume as the main composition materials, with the addition of other materials. The compressive strength and indirect tensile strength of the concrete were tested at 1, 3, 7, and 28 days. New mathematical models of generalized compressive strength against concrete age were empirically developed and then validated in order to derive new insights into the substitution of natural nanosilica for commercial nanosilica in the civil-engineering industry.
INTRODUCTION
Commercial nanosilica (NSHD) has been widely used as a construction material by the civil engineering industry in many countries; however, the application of nanosilica originating from the local natural sand of Indonesia must be verified and validated. Many studies have reported that nanosilica can be used to improve the mechanical properties and durability of concrete in many areas (Sanchez & Sobolev, 2010; Schoepfer & Maji, 2009; Collepardi et al., 2004) . Despite the abundance of silica sand in many areas of Indonesia, the use of this natural sand to make concrete mix has been widely used as a filler and widely incorporated into the concrete surface of reactive nanosilica. The use of natural nanosilica in the civil-engineering industry must be tested for its mechanical properties, such as compressive strength, modulus of elasticity, and modulus of rupture. Many studies have been reported that the use of either nanosilica or silica fume can affect the strength development of high-performance concrete (HPC). Magee and Olek (2000) collected and analysed approximately 260 HPC mixtures proposed in that more than 200 publications to show that the use of relatively low water content (150175 kg/m 3 ) and high binder content (350500 kg/m 3 ) is very common for HPC. The most commonly used fine and coarse aggregate ranges for HPC are 700800 kg/m 3 and 10001100 kg/m 3 , respectively, and they look like conventional concrete. The use of two different mixtures of local sand to make HPC can result in compressive strengths of 80 and 100 MPa (Jonbi et al., 2012) .
Even though NSHD and NS have been widely used in the civil-engineering industry, the development of empirical models for the testing and validation of the use of these materials in HPC needs to be verified. The objectives of this study are: (1) to conduct experiments using NS and NSHD in order to collect the data on of compressive strength, the modulus of elasticity, and the modulus of rupture needed for of regression analysis; and (2) to develop empirical equations for compressive strength, modulus of elasticity, and the modulus of rupture that can be used to assess the strength development of HPC and to derive insights into the future use of NS in the civil-engineering industry.
METHODOLOGY 2.1. Specimen Preparation and Testing
The NSHD used in this study originally coming from the industrial waste of semiconductor factories, was obtained from a local distributor in Jakarta city, and had a particle size of 2030 nm. The NS used in this study, which originated from the local natural sand, was processed using a polishing liquid milling technology and had a particle size of 3680 nm. The concrete specimens were fabricated according to the optimal mix proportion and have been described by Jonbi et al. (2012) . The specimens of ƒ'c100-NS10-SF5 and ƒ'c100-NSHD5-SF5 were used to develop the empirical equations representing the compressive strength of NS and NSHD, respectively. The empirical equations representing both the modulus of elasticity and modulus of rupture for NS and NSHD were developed on the basis of the specimens of ƒ'c80-NSHD5-SF5 and ƒ'c80-NS10-SF5, respectively. The specimens of ƒ'c80-NSHD5-SF5 and ƒ'c80-NS10-SF5 were used to test the NS and NSHD samples because the equipment had a limited ability to read the strengths of both the modulus of elasticity and modulus of rupture. Three samples were used to test the compressive strength at 1, 3, 7, and 28 days. Four experiments were carried out in triplicate to test the modulus of elasticity and modulus of rupture at day 28. All the tests utilized the universal testing machine with data-logging system.
Specimen Composition
The composition materials used to fabricate the HPC samples are presented in Table 1 . The specimens of ƒ'c80-NS10-SF5 and ƒ'c80-NSHD5-SF5 were fabricated using the same composition materials, but with the addition of the content of NS and NSHD. Likewise, the specimens of ƒ'c 100-NS10-SF5 and ƒ'c100-NSHD5-SF5 were fabricated using the same composition materials, but with the addition of the content of NS and NSHD. The compositions of cement type I, silica fume 5%, binder, fine aggregate, and superplasticizier 0.6% x binder used in the specimens of ƒ'c80-NS10-SF5 and ƒ'c80-NSHD5-SF5 were used lower than those used in the specimens of ƒ'c 100-NS10-SF5 and ƒ'c100-NSHD5-SF5. The air/binder composition was the same in all specimens. The coarse-aggregate composition used in the specimens of ƒ'c80-NS10-SF5 and ƒ'c80-NSHD5-SF5 was used higher than that used in the specimens of ƒ'c 100-NS10-SF5 and ƒ'c100-NSHD5-SF5.
Model Development
This study developed a model for predicting the compressive strength of HPC for the specimens of ƒ'c100-NS10-SF5 and ƒ'c100-NSHD5-SF5 by combining the empirical model constructed from the experimental data with the model proposed by the Comité Euro-International du Béton. This may yield new models for assessing the performance of HPC to be used in the future in the civil-engineering industry. An analysis of both the elastic modulus and modulus of rupture was carried out in order to compare the results of this study to those of previous studies.
Then, appropriate models can be developed, with either minor or no modifications of the existing models. Table 1 Composition materials used to fabricate the specimens of ƒ'c80-NS10-SF5, ƒ'c80-NSHD5-SF5, ƒ'c 100-NS10-SF5, and ƒ'c100-NSHD5-SF5 (Jonbi et al., 2012) 
RESULTS AND DISCUSSION

Compressive Strength for the Specimen of ƒ'c100-NS10-SF5
The plot ( The empirical equation obtained from Figure 1 can be used to determine the compressive strength for the HPC of using NS10% with a composition of 84 kg/m 3 (see Table 1 ) because an R 2 value of 0.905 has been verified by the regression analysis. Thus, it can be written as
where y is compressive strength of the concrete (in MPa) and x is age of the concrete (in d). By substituting the compressive strength of the concrete at 28 days with y replaced by fc(t) and x replaced by t, Equation 1 can be rewritten as Note: A = ƒ'c80-NS10-SF5, B = ƒ'c80-NSHD5-SF5, C = ƒ'c 100-NS10-SF5, and D = ƒ'c100-NSHD5-SF5.
where fc(t) is compressive strength of the concrete at t day (in MPa), t is age of the concrete (in d), and fc (28) is the constant representing the compressive strength of the concrete at 28 days of the experiment (in MPa).
The value of fc(t) at t day as described by the Comité Euro-International du Béton in the CEB-FIB model code (CEB-FIP, 1999) can be determined using the following equation:
where ƒc(t) is compressive strength of the concrete at t day (in MPa). βcc(t) can then be used to replace (1-e -0.205t ) and is defined as: 
According to the Comité Euro-International du Béton (CEB-FIP, 1999): (1) when an S value is equal to 0.20, this represents a rapid-hardening high-strength cement; (2) when an S value is equal to 0.25, this represents a normal and rapid-hardening cement; and (3) when an S value is equal to 0.38, this represents a slow-hardening cement. The value of p as a constant is always equal to 0.5.
Using Equation 5 permits us to calculate the value of S at 1, 3, and 7 days, because the compressive strength of the concrete at 1, 3, 7, and 28 days has been verified by the experiments. Every S value can then be tested to validate the most appropriate formula, which has a value of R 2 close to one.
At day 1 of the experiment, the value of S was found to be 0.378, and this represents slowhardening cement. A plot of fc(t) versus t yielding an R 2 value of 0.973 gives the following expression that:
Using the experimental data permits us to validate whether Equation 6 can be used to determine the compressive strength of HPC. Because an R 2 value of 0.973 has been verified by a regression analysis of the experimental data, Equation 6 can be used as long as another formula gives an R 2 value below 0.973.
At day 3 of the experiment, an S value of 0.250 was found, and this represents normal and rapid-hardening cement. A plot of fc(t) versus t gives an R 2 value of 0.952 and yields the following expression:
Because the R 2 value of 0.952 obtained from the plot of fc(t) versus t according to Equation 7 is lower than that of 0.973 obtained from plotting fc(t) versus t according to Equation 6, the use of Equation 7 to determine the compressive strength of HPC may be less accurate.
It was verified in this study that the S value is 0.359 at day 7 of the experiment, and this may represent slow-hardening cement. A plot of fc(t) versus t can give a R 2 value of 0.979 with its mathematical formula, as follows: (8) Because the R 2 value obtained from plotting fc(t) versus t according to eqn (8) is much closer to 1 as compared with that obtained from both Equation 6 and Equation 7, Equation 8 may be the most appropriate equation for calculating the compressive strength of HPC for the specimen of ƒ'c100-NS10-SF5.
Compressive Strength for the Specimen of ƒ'c100-NSHD5-SF5
The plot (Figure 2 ) of fc(t) versus t for the specimen of ƒ'c100-NSHD5-SF5, yielding an R 2 value of 0.894, gives the following expression:
where a constant of 131.4 MPa represents fc(28) as the compressive strength of the HPC at day 28 of the experiment.
Figure 2 Plot of fc(t) versus t for the specimen of ƒ'c100-NSHD5-SF5
At day 1 of the experiment, the value of S was 0.39, and this represents slow-hardening cement. The plot of fc(t) versus t, yielding an R 2 value of 0.979, gives the following expression:
Using the experimental data for the specimen of ƒ'c100-NSHD5-SF5 permits us to validate whether Equation 10 can be used to determine the compressive strength of HPC. Because an R 2 value of 0.979 has been verified by a regression analysis of the experimental data, Equation 10 can be used as long as another formula gives an R 2 value below 0.979.
At day 3 of the experiment, an S value of 0.25 was verified to represent normal and rapidhardening cement. The plot of fc(t) versus t gives an R 2 value of 0.968 and yields the following expression:
. (11) Because the R 2 value of 0.968 obtained from a plot of fc(t) versus t according to Equation 11 is lower than that of 0.979 obtained from plotting fc(t) versus t according to Equation 10, the use of Equation 11 to determine the compressive strength of HPC for the specimen of ƒ'c100-NSHD5-SF5 may be less accurate.
In this study, it was verified that the S value is 0.39 at day 7 of the experiment, and this may represent slow-hardening cement. The plot of fc(t) versus t gives an R 2 value of 0.976 with the same mathematical formula expressed by Equation 10. Because of the R 2 value 0.976 is very close to that of 0.979, both of which were obtained from Equation 10, and is higher than that of 0.968, obtained from Equation 11, Equation 10 may be the most appropriate equation for calculating the compressive strength of HPC for the specimen of ƒ'c100-NSHD5-SF5.
Elastic Modulus for the Specimens of ƒ'c80-NSHD5-SF5 and ƒ'c80-NS10-SF5
The equations derived from experimental investigations can be used to predict the modulus of elasticity (Ec). Only the specimens of ƒ'c80-NSHD5-SF5 and ƒ'c80-NS10-SF5 can be used to determine the value of Ec, because the elastic modulus of the equipment is continuously increased to reach a maximum compression strength below 80 MPa. In this study, the determination of the Ec value for every experiment was carried out using the appropriate formulas at the age of 28 days. Because many studies have reported Ec values such as ACI 318M-05, with its formula of Ec = 4730
; ACI 363R-92, with its formula of Ec = 3200 6900; Ahmad and Shah (1985) , with their formula of Ec = 8000
; Norges (1992) , with the formula of Ec = 9500
; Gardner (2001) , with the formula of Ec = 3500 + 4300 ; CEB-FIP, with its formula of Ec = 21500 ( ); and Nassif et al. (2005) with their formula of Ec = 4000 -the Ec values obtained in this study can be compared to those obtained in previous studies, as shown in Table 2 . Ahmad and Shah (1985) , N is the values of Ec reported by Norges (1992) , G is the values of Ec reported by Gardner (2001) , CF is the values of Ec reported by CEB-FIP, and NE is the values of Ec reported by Nassif et al. (2005) .
Because the differences in Ec values are very small when comparing the results of this study with those reported in the studies by Ahmad and Shah (1985) and Nassif et al. (2005) , new formulas can be proposed for predicting Ec values, and they can expressed by the following two equations:
Equation 12 could reasonably be used for the prediction of the Ec value for the specimen of ƒ'c 80-NSHD5-SF5.
Equation 13 could be used to predict the value of Ec for the specimens of ƒ'c80-NS10 -SF5.
A curve plotting Ec versus t, as shown in Figure 3 , could be used to compare the Ec value pursuant to t for the specimens of ƒ'c80-NSHD5-SF5 and ƒ'c80 NS10-SF5. Empirical evidence shows that they are quite similar. This means that NS can replace NSHD in the fabrication of HPC in the civil-engineering industry. ). In all these formulas, the modulus of rupture ranges from 0.62 to 0.97 . Every researcher has a unique perspective on and reasoned argument for the development of a formula for determining the modulus rupture for HPC. Zia et al. (1993) and Russell et al. (2006) suggested that the use of the formula proposed by ACI 318M-05 would be useful for predicting the modulus of rupture pursuant to the compressive strength, which is still applicable before reaching a maximum value of 103 MPa. Carrasquillo et al. (1981) suggested that the modulus of rupture can be predicted even when the compressive strength is higher than 83 MPa. The values of fr obtained in the present study can be compared to those obtained in previous studies, as shown in Table 3 . Khalil (2002) and Issa (2008) , and C is the values of fr reported by Carrasquillo et al. (1981) .
